A new assessment method based on the combination of factor analysis and probabilistic neural network (PNN) is proposed to meet the research of main equipment condition-based maintenance in power distribution network ． As the quantity of parameters that represent the state of the cable is many，the multi-source information database is established ． The missing parameters for incomplete information is eliminated，and the factor analysis is used to calculate the main factors of the database and their factor scores, and the probability neural network was used to evaluate the operation status of the cable, then obtain a condition assessment method of power cable based on the probability neural network．Simulation results show that the proposed method could assess the state of power cable condition for the incomplete information effectively and accurately, and also provide reliable guidance for the cable maintenance.
Introduction
Power cable is the key equipment in power system, whose health status directly affects the operation of transmission and distribution system safely and stably. Once a failure happened, it may cause an extended power outage, and may even lead to a chain reaction and failure of associated equipment, eventually other parts of power system become paralyzed. Therefore, it is very important to evaluate the health status of the power cable scientifically and effectively and to find the cable fault in time.
The state parameters characterizing the health information of power cable are numerous, including state information, operation information, and inspection information, which belong to multi-category information sources. Thus it is great significance to create multi-source information database of cables. At present, there are many kinds of information database according to the different classification methods of cable state parameters. Ref. [1] analyzed the defects of power cable and designed a state evaluation framework, in which the state parameters are classified according to the type of defects. While in Ref. [2] the state parameters was classified according to the on-line monitoring data. This paper probed into the development of power cable insulation online monitoring technology, but which did not take into account status information and operation information. Authors in Ref. [3] established a multi-level index system of cable state evaluation in accordance with the division of different cable parts, but they did not put forward feasible measures for the condition assessment when information was incomplete.
In conclusion, the research of multi-source information database on cable status can be summarized as: (1) the state variables contained in database were not comprehensive or not standardized; (2) the existence of information overlap in database make part of the state variables redundancy; (3) for incomplete information system, there is no suitable information fusion technology to multi-source information, and lack of complete cable condition assessment system.
Much researches associated with condition assessment methods of power cable have been done, such as fuzzy mathematical method [4] [5] [6] , data mining method [7] , analytic hierarchy process (AHP) [3] , decision tree technology [8] , D-S evidence theory [9] and measuring methods in view of specific characteristics [10] [11] [12] [13] . But these evaluation methods will be subject to a certain subjective influence, and the status of the cable under the condition of incomplete information cannot be a scientific and effective evaluation. Therefore, in this paper a multi-source information database of cable is established which has a fusion of many kinds of information, such as state information, operation information and inspection information; and a new assessment method of cable based on the combination of factor analysis and probabilistic neural network (PNN) is proposed. The results show that the proposed method could assess the state of power cable condition under the incomplete information effectively and accurately.
Multi-Source Information Database

The Classification of State Information of Cables
Both the reliable state information and the scientific evaluation method are the basis for carrying out the state evaluation. The comprehensive and reliable state information is an important prerequisite for accurately judging the health status of the cable, such as the aging degree and remaining life, and realizing the condition-based maintenance.
In this paper, the state information of cables is classified into three categories: equipment basic information, operation information, inspection information, family defects, as is shown in Table 1 . The multi-source information database of the cable is established based on the state parameters listed in Table 1 , combining with the actual operation history data of the cable. In the practical operation of distribution network, some state information may be lost because of cable monitoring equipment fault and information record loss, then the multisource information database is not complete, which makes the cable comprehensive state evaluation greatly reduce in the accuracy and validity, even can not be assessed properly. Therefore, the case of incomplete information should be considered in the study of cable condition assessment.
According to the relevant guides [14] , the state of the cable is divided into: normal state, attention state, abnormal state and serious state.
(1) Normal state: It is indicated that all the state of the cable are in stable condition, and within the alert value and the attention value (standard limit). The cable can be operated safely and normally.
(2) Attention state: It indicates that there is a trend toward in the direction of the change of some state parameters of the cable, which are close to the standard limit, but not more than the standard limit. While the power cable still can continue to run, monitoring should be strengthened at the same time.
(3) Abnormal state: It is indicated that some important state parameters of the cable are close to or slightly exceed the standard limit value. The cable should be operated under monitor and arranged examination reparation in time.
(4) Serious state: It is indicated that some important state parameters of the cable is more than the standard limit serious, so it is necessary to arrange the outage maintenance as soon as possible.
Determine the Factor Score of the State Parameters Based on the Factor Analysis Method
Basic Principle of Factor Analysis Method
Factor analysis is a technique to reduce dimension and simplify data in statistics, and it explores the basic structure of the observed data by studying the relationship among the variables, and uses a few "abstract" variables to represent the basic data structure. These abstract variables are called "factors", which can reflect the main information of many variables [15] .
In factor analysis, the main factor is the common influence factor which can not be observed directly, but exist objectively. Each original variable Xi can be expressed as the sum of linear function of main factor and the special factor as Equation (1).
(1) Where F1, F2, …, Fm are the main factors; εi is the special factor; A=(aij):p× m is the factor load matrix. This model can be expressed as:
(2) Where International Journal of Control and Automation Vol.10, No.9 (2017) 
The principal component analysis method is usually used to solve the factor load matrix. As is shown in Equation (4)
Where λi and Ti are the eigenvalues and eigenvectors of the covariance matrix of the original data respectively.
Factor score is the final embodiment of factor analysis. The specific value of each factor in each sample can be calculated when the factor load matrix is determined, which is called factor score. After getting the factor score, you can use the factor score instead of the original variable. The formula for calculating the factor score is Equation (5). ' 1
Then this method makes the sample containing p state parameters reduce the dimension into a sample containing only m main factors.
The Application of Factor Analysis in Incomplete Information
At present, the application of factor analysis method in the condition assessment of power grid equipment is mainly focused on the extraction of key parameters. This application is only to rank the importance of state parameters by the factor analysis method, not to find the "common influence factor" implied in parameters, namely the main factor. In addition, this kind of application only extracts the key parameters to carry on the state evaluation, and ignores the influence of the non-critical parameters, which will lead to the reduction of the accuracy of the evaluation result. According to the principle of factor analysis, it is possible to find out the common influencing factors of the state parameter, which makes it possible for the condition assessment of the cable under the condition of incomplete information.
Incomplete information will influence the accuracy and effectiveness of the condition assessment of power cable. According to the multi-source information database, it can be found that there is a certain correlation between state variables. For example, Partial discharge has influence on the dielectric medium, slight partial discharge has little effect on insulation, and dielectric strength decreased slowly, while intense partial discharge would cause the insulation strength decreased rapidly. At the same time, the value of insulation resistance of the cable can also directly reflect the dielectric strength. As a result, the three states included the partial discharge, the main insulation resistance and the insulation resistance of the outer shield reflects information of the strength of the power cable insulation, as shown in Figure 1 (a). When one or two of the state information is missing, the remaining amount is still able to reflect the insulation strength of power cable, which reflects the overlap of the information in the three states. 
Figure 1. The Overlap of Information between States
Similarly, state variables included the dielectric loss, power cable core temperature, ambient temperature and the middle joint reflect the characteristic information of power cable insulation temperature, as shown in Figure 1(b) . In addition, we can assume that the seven state variables included the partial discharge magnitude, main insulation resistance and the outer sheath of the insulation resistance, dielectric loss, temperature of cable, the middle joint and the temperature of the environment all reflect the state of the cable insulation material in different aspects.
Above discussion indicates that there is overlap between state variables information, when part of state variables information are missing, the remaining state variables may contain information of missing state variables. Therefore, the remaining state variables of power cable state information can reflect the missing state variables information, so as to realize the power cable condition assessment under incomplete Information.
According to the principle the main factor method on Section 2.1, factor analysis can overcome relevance, overlap, and extract fewer main factor to replace the original with more variables, which can both reflect the original with more variables information and reflect implied information of missing variables. For example, a main factor represents the cable insulation strength, which replaces the three original variables of the partial discharge, and the main insulation and outer sheath insulation resistance of insulation resistance, even if state variables information is missing. The extracted main factor still reflects the implied three cable insulation strength information. Thus, the factor analysis can be used for the power cable condition assessment for incomplete information.
When the state variables information is missing, the corresponding state variables in the multi-source information database is removed, and the main factor of the remaining state variables is extracted by factor analysis method. Due to the overlap of information between the state variables, the main factors can express the mis sing information.
A Comprehensive Assessment Method Based on Probabilistic Neural Network
Basic Principle of Probabilistic Neural Network
In this paper, probabilistic neural network (PNN) method is proposed to assess the condition of power cable. PNN can be regarded as a radial basis neural network, which fuses density function estimation with Bayesian decision theory based on RBF network, and constructs the computing nonlinear discriminant boundary of probabilistic neural network, and the decision boundary is close to the optimal Bayesian decision surface [16] .
The PNN is composed of the input layer, the hidden layer, the summation layer and the output layer. The structure of probabilistic neural network is shown in Figure  2 .
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The Structure of PNN
The hidden layer is radial base layer, each hidden layer neuron has a center, and the layer receives the sample input from the input layer, then compute the distance between input vector and the center, finally a scalar value can be returned. The number of neurons and input training samples is the same. Vector x inputs to the hidden layer, the input\output relationship identified by the hidden layer of the i model j neurons is defined as the following:
ij ij
Where M is the total number of classes in the training sample, d is the dimension of the sample space data, and xij is the j center of the i sample.
Summation layer performs a weighted average of the output of the same kind of hidden neurons in the hidden layer:
Where vi represents the output of i category, and L represents the number of neurons in i category. The number of neurons in the summation layer is the same as that of the Category number M.
The output layer takes the maximum of the summation layer as output category:
The method for assessing the power cable condition is divided into four states, hence, the summation layer of the PNN network contains 4 neurons. For the convenience of network computing, the output state value 1, 2, 3, 4 of v1、v2、v3、v4, respectively, are used to represent the normal, attention, abnormal and serious four different states.
The advantage of PNN network is that the nonlinear learning algorithm is used to complete the work of nonlinear learning algorithm, and the high precision of nonlinear algorithm is guaranteed. PNN is mainly used for classification and pattern recognition, in which the classification is most widely used.
Comprehensive Assessment Method for Power Cable Condition
According to the principle of factor analysis, power cable multi-source information database is analyzed, and the main factor representing the comprehensive condition of power cable are extracted. The comprehensive assessment method for power cable is proposed based on the PNN. Specific assessment steps can be summarized as follows:
(1) Whether the state variables of condition assessment are complete or not can be determined by the established power cable multi-source information database.
(2) The factor analysis can be used directly for complete information of the state variables, and the number of state variable is extracted as the main factor to characterize the condition information of power cable, and the main factor of the database is obtained under the complete information.
According to the factor analysis method on Section 2.2, the missing state variables are removed from multi-source information database under incomplete information, and the remaining state variables can get database main factor score by using factor analysis under incomplete information.
(3) Input the main factor values of the step (2) into PNN to train the neural network, which can establish the neural network for the assessment of power cable condition.
(4) Input the condition assessment of the neural network established above, we can get the results of this condition assessment. The assessment flow chart is shown in Figure 3 .
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Information is complete or not
Eliminating missing status in database 
Case Study
The degree of incomplete information is different for the power cable condition assessment according to the different types and number of missing state variables. To verify the scientific and effectiveness of the proposed method, first , in order to verify the effectiveness of the methods, the power cable condition under complete information in test samples is used to assess the power cable under mild incomplete information; then the degree of incomplete information is extended to severe cases to verify the scientific nature of the method.
Condition Assessment under Mild Information Incomplete
Mild incomplete information for power cable condition assessment refers to the amount of the missing state variables is not more than five. The detailed process is shown as follows.
Determine the Multi-source Information Database
Firstly, the missing status must be removed from the database that is established in the second section. Secondly, 100 groups power cable state history information are selected as the original sample from the database, each group contains 22 power cable condition information and the corresponding state values. The former 80 samples are taken as training samples, the latter 20 groups of samples are regarded as the test samples.
Calculate the Factor Scores
Factor scores can be calculated according to the introduction of Section 3. Firstly, as is shown in Equation (4), we can find the factor load matrix with the covariance matrix of the original data. Each state is represented through a linear function of the main factor, as shown in Table 2 . Secondly, the number of main factors needs to be determined according to the cumulative contribution rate. The cumulative contribution rate represents the amount of information that can be represented by the mains factor. In general, the main factors will be able to express enough accurate information when the cumulative contribution rate exceed 85 percent.
In this case, the contribution rate for each state variables provided by the factor analysis are shown in Table 3 . We set the direct ground current as one missing state parameter. Seven main factors are obtained by using the factor analysis method to eliminate the state parameter in the multi-source information database of the cable. From Table 2 , we can see that the factor analysis method can extract 22 state variables in the database by 7 main factors, and the 7 main factors can represent 86.993% of the information of original sample. When the factor loading matrix and the main factors determined, factor scores in each sample can be calculated by the formula (5).
Train Probabilistic Neural Network
We can training the probabilistic neural network with the sample of the factor scores instead of the original sample. These 80 groups of samples composed of factor scores are input to the input layer. Then the neural network for the assessment of power cable condition can be established.
Evaluate the Status of the Test Samples
After the network training is finished, the 20 groups of test samples are input into the PNN network, and the assessment results under mild information incomplete condition can be obtained from the output of the PNN network as shown in Table 4 . The evaluation results   1  4  4  2  2  2  3  1  1  4  1  1  5  1  2  6  1  1  7  2  2  8  1  1  9  1  1  10  2  2  11  1  1  12  1  1  13  2  2  14  1  1  15  1  1  16  1  1  17  2  2  18  3  3  19  4  4  20  1  1 Also, the cable conditions under the condition of complete information are shown in Table 4 . In order to verify the effectiveness of the evaluation method, the comparison between the different evaluation results, and the power cable conditions shows that only the fifth evaluation results of the test samples appear deviation, and the normal state is evaluated as the attention state, which is in the acceptable range. On the whole, the accuracy of the evaluation results is 95%. The evaluation results show that the proposed method is accurate and effective in evaluating the state of power cable under incomplete information.
Condition Assessment under Severe Incomplete Information
Severe incomplete information in power cable condition assessment refers to the amount of the missing state variables is more than five. In this paper, we set the amount of the missing state variables is twelve, and eliminate these state parameters in the multi-source information database of the cable. The detailed procedure is the same as in Section 5.1. According to the evaluation method proposed in this paper, the evaluation results are shown in Table 5 . The evaluation results   1  4  3  2  2  2  3  1  1  4  1  1  5  1  2  6  1  1  7  2  2  8  1  1  9  1  1  10  2  1  11  1  1  12  1  1  13  2  2  14  1  1  15  1  1  16  1  1  17  2  2  18  3  3  19  4  3  20 1 1
In the evaluation results, four groups of samples appeared deviation, and the accuracy rate is 80%. Every cable condition is evaluated to an adjacent state in these four results which have deviations. The results show that the accuracy of the assessment condition has declined when the loss of the state variables is severe, but the deviation is not large, and this proposed method still has important significance in power cable condition assessment. According to the state assessment method proposed in this paper, the accuracy can be obtained under different degrees of incomplete information condition assessment as shown in Figure 4 . 
Conclusions
In this paper, the factor analysis method is used to extract the main factors of the incomplete information of power cable condition, The multi-source information database can fully reflect the operating state of the cable, is an important basis for cable status assessment. Combined with the research of this paper, the following conclusions could be obtained 1) The information about the power cable condition is divided into basic information of equipment, information operation, information retrieval and family defect, which are a total of four kinds of information. The multi-source information database can fully reflect the operating state of the cable, is an important basis for cable status assessment.
2) Factor analysis is used to extract the main factors to represent the state of the cable and to realize the fusion of the multi-source information of the cable state under the incomplete information condition, and then establish a complete cable state evaluation system, so that the application of cable state assessment method is wider.
3) Based on the probabilistic neural network, this method can overcome the influence of the subjective factors on the evaluation results and make the evaluation results more reliable. As is shown in case study, the accuracy of this method is over 80% under the incomplete information condition.
